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5 Influence of shear on microbial adhesion to PEO brushes and glass by convective-diffusion and 
sedimentation in a parallel plate flow chamber 
 
Microbial adhesion to surfaces can be interaction and/or mass transport controlled and often occurs 
despite high wall shear rates acting on the adhering microorganisms. In this chapter we compare the 
wall shear rates needed to prevent microbial adhesion to bare glass and PEO brush coated glass in a 
parallel plate flow chamber, while accounting for the contributions of convective-diffusion and 
sedimentation to the mass transport processes. Initial microbial deposition rates were determined for 
different wall shear rates between 4 and 1600 s-1 on the top and bottom plates of the flow chamber and 
expressed as deposition efficiencies αSL, based on the Smoluchowski-Levich approach, neglecting 
sedimentation. By inclusion of a theoretical contribution of sedimentation to the mass transport 
microbial deposition efficiencies, which were much larger than unity, could be reduced to realistic 
values between 0 and unity. Experimentally, the contribution of sedimentation to the mass transport 
was eliminated by averaging the deposition rates found for the top (negative contribution of 
sedimentation) and bottom (positive contribution of sedimentation) plates of the flow chamber, which 
also yielded realistic deposition efficiencies. Deposition efficiencies for Pseudomonas aeruginosa D1, 
Escherichia coli O2K2 and Candida tropicalis GB 9/9 decreased with increasing wall shear rates and 
were lower for PEO brush coated glass than for bare glass. Characteristic shear rates preventing 
adhesion were around 10 s-1 and 1.0 s-1 for the bacteria on glass and the PEO brush and 36 and 3.4 s-1 
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Microorganisms tend to adhere to surfaces as the start of the formation of a complex adhering 
microbial community called a “biofilm” [1]. Biofilms occur on a wide variety of surfaces, 
such as on medical implants and devices [2], surfaces in the marine environment and 
industrial equipment. The rate of microbial deposition to a surface is determined by the 
number of microorganisms transported to a substratum surface per unit time and area through 
mass transport processes, like sedimentation, convection and diffusion [3-5]. Sedimentation in 
a microbial suspension due to gravity has been shown to increase the deposition rate [5], 
while, increased fluid flow towards or parallel to a substratum surface results in faster 
deposition due to increased mass transport. However, the latter can be counteracted by an 
increase in wall shear rate, leading to higher hydrodynamic forces on the depositing or 
already adhering microorganisms, and ultimately preventing deposition or causing 
detachment of already adhering organisms. Adhesion of Staphylococcus aureus to collagen 
coated glass plates increased with increasing fluid flow and then decreased for fluid flows 
leading to wall shear rates higher than 500 s-1 [6]. Furthermore, when convection was kept 
constant by using a rotating disk system, adhesion of Staphylococcus epidermidis on a 
polyetherurethane urea decreased linearly with increasing wall shear rate from 0 to 1750 s-1 
[7]. To prevent adhesion generally relatively high wall shear rates are needed, i.e. 6000-8000, 
28000 or 52000 s-1 for Pseudomonas fluorescens, Streptococcus sanguis and Bacillus cereus, 
respectively [8]. Also to remove attached cells wall shear rates of 12000 s-1 for P. fluorescens 
or 26000-54000 s-1 for a mix of Gram-positive cocci [8] were needed. In practice, shear rates 
vary greatly from 0.35 s-1 for the blinking of an eye to 125000 s-1 for a moving ship [9]. 
The nature of the flow, the orientation of substratum surfaces with regard to the fluid 
flow and the direction of gravitational forces, determines to what extent convection, diffusion 
and sedimentation are contributing to mass transport. Several theoretical schemes are 
available to calculate mass transport under different conditions [3], but depending on the 
configuration of the flow these can be extremely difficult, and approximate solutions have 
been forwarded as well, like the Smoluchowski-Levich (SL) solution for convective-
diffusion. In the SL-approximate solution, repulsive interaction forces between a substratum 
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surface and a depositing particle are neglected, while the attractive interaction forces are 
assumed to be compensated by the increased viscous forces a particle experiences near a 
surface. Therewith, the SL-approximate solution becomes an upper limit for the convective-
diffusional mass transport in a system. Yet, experimental microbial deposition efficiencies 
with respect to the SL-upper limit often exceed unity, presumably due to an influence of 
surface appendages or sedimentation. 
When evaluating microbial adhesion to different surfaces, it is of utmost importance to 
establish whether the deposition rate is mass transport or interaction controlled, because 
otherwise erroneous conclusions could be drawn, for instance regarding the effectiveness of 
non-adhesive coatings. PEO brushes (poly(ethylene oxide)) have been described as promising 
non-adhesive surfaces, because at sufficiently high grafting density, the polymer chains 
stretch into the surrounding medium, forming a so called “PEO brush” [10,11], that makes a 
surface difficult to approach by depositing particles as proteins or microorganisms. 
Penetration or compression of the PEO brush by incoming particles would result in an 
increase of the local concentration of PEO, which, in turn, would lead to a repulsive osmotic 
interaction. Therewith, a PEO brush forms a physical barrier preventing close approach, 
keeping the particle at a distance where the attractive Lifshitz-Van der Waals interaction is 
relatively weak. Nevertheless, low but substantial deposition and adhesion of a variety of 
microbial strains on a PEO brush has been found in a parallel plate flow chamber [12], albeit 
that the influence of wall shear rate and sedimentation on microbial deposition to PEO 
brushes in a parallel plate flow chamber is unknown. 
The aim of this research is to determine the effect of wall shear rate on the efficiency 
of microbial deposition to a PEO brush and bare glass for two bacterial and one yeast strain in 
a parallel plate flow chamber. The contribution of sedimentation was accounted for 
theoretically and by measuring deposition on the top (negative contribution of sedimentation) 







Materials and methods 
Preparation of poly(ethylene oxide) brushes. PEO with a molecular weight of 9.8 kD was 
applied on microscope glass slides utilizing the reaction of surface silanol groups, with vinyl 
terminated polymers in a polymer melt, as described by Maas et al. [13]. Briefly, glass slides 
(Menzel-Gläser, Emergo, Landsmeer, The Netherlands) were first sonicated in 2% RBS 35 
(Omnilabo International BV, Breda, The Netherlands), followed by sonication in methanol 
and submersed in hot (95°C) nitric acid 65% (Merck, Darmstadt, Germany). Next, the slides 
were rinsed with demineralized water and dried. To graft the PEO chains on the glass surface, 
slides were covered with a 0.4 mM solution of methacryl-terminated 9.8 kD PEO (Polymer 
Source Inc., Dorval, Quebec, Canada) in chloroform. The solvent was evaporated in a flow of 
nitrogen, after which surfaces were annealed overnight in vacuum at 145°C. Prior to 
experiments, excess material was removed by washing with demineralized water. Previous 
research has shown that this method leads to high surface grafting densities, where, in an 
aqueous environment, the PEO chains are in a brush conformation [12]. Glass slides were 
only partly grafted with PEO chains to allow the study of adhesion on a glass surface and a 
glass coated with a PEO brush in the same experimental run. 
 
Microbial strains and growth conditions. The bacterial strains P. aeruginosa D1, 
Escherichia coli O2K2 and the yeast strain Candida tropicalis GB 9/9 were used in this 
study. Microorganisms were first grown overnight at 37°C on an agar plate from a frozen 
stock, which was kept at 4°C, never longer than a week. Several colonies were used to 
inoculate 10 ml of tryptone soya broth (TSB, OXOID, Basingstoke, UK) for P. aeruginosa 
and brain heart infusion (BHI, OXOID) for E. coli and C. tropicalis. This preculture was 
incubated at 37°C in ambient air for 24 h and used to inoculate a second culture of 200 ml that 
was grown for 16 h. The microorganisms from the second culture were harvested by 
centrifugation for 5 min at 5000 g for the bacteria and 9600 g for the yeast and washed twice 
with demineralized water. Subsequently, cells were counted in a Bürker-Türk counting 
chamber and suspended in 200 ml PBS to a concentration of 3 × 108 bacteria ml-1 and 6 × 105 
yeast ml-1. P. aeruginosa and E. coli are rod shaped, both with a approximate length of 2.8 
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µm and diameter of 1 µm, while C. tropicalis is spherical with a diameter of about 4.2 µm. P. 
aeruginosa is a motile strain, while E. coli and C. tropicalis are non-motile. For calculation of 
the theoretical upper limits of the deposition rate, the radius of the bacteria was approximated 
by 0.7 µm, which is the radius of a sphere with equal volume. 
 
Flow chamber experiments and image analysis. The parallel plate flow chamber and image 
analysis system have been used previously [12]. The width of the flow chamber was 17 mm, 
the depth 0.75 mm and the length 175 mm. Images were taken from the top and bottom plate, 
which both consisted of a partly PEO brush coated glass slide. Deposition was observed with 
a CCD-MXRi camera (High Technology, Eindhoven, The Netherlands) mounted on a phase 
contrast microscope (Olympus BH-2) equipped with a 40 × ultra long working distance 
objective (Olympus ULWD-CD Plan 40 PL) for experiments with bacteria and a 10 × 
objective for experiments with yeast. The camera was coupled to an image analyzer (TEA, 
Difa, Breda, The Netherlands). Each image (512 × 512 pixels with 8 bit resolution) was 
obtained after summation of at least 5 consecutive images (time interval 1 s) in order to 
enhance the signal to noise ratio and to eliminate moving microorganisms from the analysis. 
Prior to each experiment, all tubes were filled with PBS (10 mM potassium phosphate, 150 
mM NaCl, pH 6.8), while care was taken to remove air bubbles from the system. Flasks, 
containing the microbial suspension, were positioned at the same height with respect to the 
chamber to ensure that immediately after the experiment was started, all fluids would 
circulate through the chamber at the desired wall shear rate. Flow rates (Q) of 0.4, 1.4, 4.6, 
10, 19, 38, 77 and 153 ml min-1 were employed, which correspond to wall shear rates (σ) of 4, 
15, 50, 100, 200, 400, 800 and 1600 s-1, according to 
wd
Qσ 22
3=       (1) 
where d is the half-depth and w the width of the flow chamber. All conditions yielded 
Reynolds number below 144, indicative of a laminar flow regime. Microbial suspension was 
circulated through the system for 30 min and images were obtained from the bare glass and 
the PEO brush coated glass, alternating from the bottom and the top plate. From these images, 





adhering microorganisms with time was fitted and expressed in a so-called initial deposition 
rate j0 (cm-2 s-1), i.e. the number of adhering microorganisms per unit area and time. If less 
that 5 microorganisms were found per image (2.9 × 105 bacteria cm-2, 1.8 × 104 yeast cm-2), 
no reliable fit could be made and the initial deposition rate was considered below the 
detection limit of the system. At the end of the experiment, an air bubble was passed through 
the chamber, involving a relatively high removal force exerted by the air-liquid interface 
(about 1 × 10-7 N) [14] and the number of microorganisms remaining on the surface was 
determined as a measure for their adhesion strength.  
All values given are averages of experiments on two separately prepared substratum 
surfaces, and were carried out with separately grown microorganisms.  
 
Calculation of deposition efficiencies. The Von Smoluchowski-Levich approximation was 
used to calculate the theoretical upper limit of the deposition rate (j0*) by convection and 












⎡ ⋅= ∞     (2) 
where D∞ is the particle diffusion coefficient and c the particle concentration in the bulk of 
the suspension, a the particle radius, Pe the Péclet number and x the longitudinal distance 
from the flow chamber entrance. For both bacterial strains, the particle diffusion coefficient 
was taken 3.1 × 10-13 m2s-1 as calculated from the Einstein equation, while for yeast 0.83 × 10-







3      (3) 
The data obtained from the experimental initial deposition rate (j0) divided by the theoretical 
upper limit for the deposition rate (j0*) provide a measure for the deposition efficiency, 







210      (4) 
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where the deposition efficiency at a wall shear rate of 0 corresponds to αSL-0 and the wall 
shear rate where α is reduced two fold as compared to αSL-0 corresponds to σ1/2. The 
hydrodynamic force exerted on a particle at σ1/2 (F1/2), can accordingly be calculated as  
ηAσF // 2121 =       (5) 
where η is the viscosity and A is the area of the adhering organism which is exposed to the 
flow. The surface areas were approximated as half the surface of a cylinder with radius 0.5 
µm and height 2.8 µm for the bacteria, and as half the surface of a sphere with radius 2.1 µm 
for the yeast. The effect of gravity was incorporated by assessing the gravitational force (Fg) 




4=      (6) 
where ∆ρ is the difference between the microbial and fluid density and g is the gravitational 
acceleration factor. A density of 1.07 × 103 kg m-3 was used for the microorganisms and 1.0 × 
103 kg m-3 for PBS [16]. Assuming that all microorganisms have the maximum sedimentation 
velocity vg oriented towards the bottom plate, the theoretical upper limit of deposition rate 
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where k is the Boltzman constant and T is the absolute temperature. Deposition efficiencies 








+=      (8) 
 Results 
Figure 1 depicts the initial deposition rates of P. aeruginosa D1, E. coli O2K2 and C. 
tropicalis GB 9/9 as a function of wall shear rate. Initial deposition rates on both the glass and 
the PEO brush decrease with increasing shear rate for P. aeruginosa and E. coli. For C. 
tropicalis, initial deposition rates on glass and the PEO brush are relatively constant up to 100 





each microbial strain, while for E. coli initial deposition rates were even below the detection 
limit at all shear rates employed. 
The detachment percentages after passage of an air bubble are summarized in Table 1. 
Almost all attached microorganisms were removed from the PEO brush (97-98%), while 
detachment percentages from the glass were much lower.  
 
Table 1. Average percentage detachment of microorganisms from glass or a PEO brush after passage 
of an air bubble. ± represents standard deviation over all wall shear rates employed.  
Strain Detachment 
from glass (%) 
Detachment 
from the PEO brush (%) 
P. aeruginosa D1 37 ± 28 98 ± 2 
E. coli O2K2 82 ± 22 -* 
C. tropicalis GB 9/9 30 ± 27 97 ± 4 
*No detachment percentages could be measured as E. coli adhered below the detection limit to the PEO brush. 
 
To eliminate mass transport effects by convection and diffusion from the data and thus 
more specifically account for the effect of hydrodynamic forces, deposition efficiencies αSL as 
a function of wall shear rate were calculated for each microbial strain as presented in Figure 
2. A hyperbolic decay function could be fitted through the data to obtain αSL-0, the 
extrapolated deposition efficiency in the absence of shear, and σ1/2, the increase in wall shear 
rate required to decrease αSL-0 by a factor 2 (see also Table 2). αSL-0 is always higher on glass 
than on the PEO brush, although the differences strongly depend on the microbial strain used. 
The characteristic force F1/2 on glass is at least a factor 24 higher for yeast as compared to 
bacteria. Also for all strains, F1/2 is at least a factor 5 lower for the PEO brush than for glass. 
The deposition efficiencies in Figure 2 are generally above unity, especially at the lower shear 
rates. This is especially true for the larger microorganisms i.e. the yeast C. tropicalis and 
suggests a strong contribution from sedimentation forces to the deposition.  
The contribution of sedimentation was assessed by measuring microbial deposition to 
the top plate of the flow chamber as well, where sedimentation opposes deposition, contrary 
to the bottom plate, where it enhances deposition. For E. coli and C. tropicalis on both glass 
and the PEO brush, no detectable adhesion was found on the top plate, indicating that mass 
transport by sedimentation exceeded convective-diffusion to the top plate.  
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Figure 1. Initial deposition rates (j0) of three microbial strains to the bottom plate of a parallel plate 
flow chamber as a function of wall shear rate. Black squares represent glass and white squares 
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Figure 2. Deposition efficiencies (αSL) of three microbial strains as a function of wall shear rate on the bottom 
plate of a parallel plate flow chamber. Black circles represent glass and white circles represent the PEO brush. 
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Table 2. Deposition efficiencies at wall shear rate 0 (αSL-0) for the bottom plate of the parallel plate 
flow chamber and wall shear rates where αSL is reduced two fold as compared to αSL-0 (σ1/2) for three 
microorganisms and the associated shear rates σ1/2 and hydrodynamic forces F1/2.  
Strain Substratum αSL-0 σ1/2 (s-1) F1/2 (10-13 N) 
P. aeruginosa D1 Bare glass 4.0 10.9 0.57 
 PEO brush 2.4 2.0 0.10 
E. coli O2K2 Bare glass 2.2 9.5 0.49 
 PEO brush* 0 0 0 
C. tropicalis GB 9/9 Bare glass 614 36 14 
 PEO brush 598 3.4 1.3 
*Note that as the deposition efficiency on the PEO brush is always 0 for E. coli, αSL-0 and σ1/2 were designated 0.  
 
Initial deposition rates to the top plate for P. aeruginosa are shown in Figure 3 and in 
essence demonstrate the same features as observed for bottom plate deposition of this strain 
(Figure 1). By averaging the top and bottom plate deposition of P. aeruginosa, the 
contribution of sedimentation due to gravity can be eliminated from the experimentally 
observed deposition rate Figure 4 depicts the deposition efficiencies as calculated from these 
averaged deposition rates. As can be seen, the deposition efficiency αSL-a is generally less than 
unity, and only at the lowest shear rate values in excess of unity are still observed. 
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Figure 3. Initial deposition rates (j0) of P. aeruginosa D1 to the top plate of a parallel plate flow 
chamber as a function of wall shear rate. Black squares represent glass and white squares represent 
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Figure 4. Deposition efficiencies (αSL-a) as calculated from the average initial deposition rates of P. 
aeruginosa D1 to the bottom and the top plate of a parallel plate flow chamber as a function of wall 
shear rate. Black circles represent glass and white circles represent the PEO brush.  
 
Complementary to averaging top and bottom plate deposition, the contribution of 
sedimentation to mass transport can also be theoretically calculated. First, the gravitational 
force and sedimentational mass transport were calculated (Table 3). The gravitational force is 
largest for the C. tropicalis, while theoretical deposition rates due to gravity are highest for 
the bacteria, because of their larger diffusion coefficients and higher concentrations (see also 
Equation 7). Deposition efficiencies for all microbial strains, corrected for their calculated 
sedimentational mass transport, are depicted in Figure 5.  
For P. aeruginosa these calculated values are all less than unity, but lower than obtained 
through averaging top and bottom plate deposition (compare Figure 4). For E. coli, also 
relatively low, but realistic deposition efficiencies αSL-g values were found. Deposition 
efficiencies for the yeast strain are still in excess of unity, but much more realistic than when 
neglecting the contribution of sedimentation to mass transport (compare Figure 2). 
 
Table 3. Gravitational force of three microorganisms in aqueous suspension (Fg) and theoretical 
initial deposition rate due to sedimentation due to this force (j0g*). 
Strain Fg (10-13 N) j0g* (cm-2 s-1) 
P. aeruginosa D1 0.01 2269 
E. coli O2K2 0.01 2269 
C. tropicalis GB 9/9 0.27 40 
104 
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Figure 5. Deposition efficiencies, accounting for the contribution of sedimentation due to gravity (αSL-
g) for the three microbial strains included in this study as a function of wall shear rate. Black circles 






Theoretically adhesion may increase with increasing wall shear rates due to increased mass 
transport or decrease due to increased hydrodynamic forces. For C. tropicalis initial 
deposition rates were steady at low shear rates indicating a compensation between increased 
mass transport and hydrodynamic detachment forces. However, in general for the strains 
included here, the influence of increasing hydrodynamic detachment forces dominate mass 
transport effects on initial deposition rates, both on glass and PEO brushes.  
The characteristic hydrodynamic forces associated with prevention of adhesion of 
both bacteria on glass (around 0.54 × 10-13 N) are slightly lower than forces needed to remove 
Streptococcus mutans (1.2 × 10-13 N), S. sanguis (1.6 × 10-13 N) and Actinomyces viscosus 
(2.2 × 10-13 N) from surfaces in PBS [16]. Apart from this difference being due to strain 
related properties, it may indicate that the bond between a substratum and an adhering 
organism may rapidly strengthen after initial adhesion to become more firm. This is supported 
by removal of a relative low percentage of adhered microorganisms (30, 37 and 82%) by an 
air bubble exerting a expected force of 1 × 10-7 N. In literature, values of 6000-8000 s-1 for P. 
fluorescens [18] and 28000 s-1 for S. sanguis [19] were reported to prevent adhesion, while in 
our study initial depositions of E. coli and C. tropicalis on glass were already below detection 
range at 400 and 1600 s-1. This difference may be explained by the fact that literature 
experiments were preformed in growth medium in stead of PBS medium, yielding 
metabolically active microorganisms known to produce extracellular polymeric substances 
during growth which may strengthen their bond to the surface [20]. Prevention of C. 
tropicalis adhesion to glass requires a considerably larger force than needed to prevent 
bacterial adhesion. This difference is attributed to the larger size of the yeast leading to a 
proportionally stronger Lifshitz-Van der Waals attraction with the surface.  
The same argument holds for the difference between yeasts and bacteria interacting 
with the PEO brushes [12]. Indeed the characteristic force to prevent yeast to adhere to a 
brush is more than 15 fold higher than to prevent bacterial adhesion. For all microbial strains, 
a weak interaction between the PEO brushed glass surface and a microorganism is expected. 
For E. coli these interaction forces were too weak to overcome even the lowest shear rates 
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applied in this study and no detectable adhesion to the PEO brush was observed. Furthermore, 
those microorganisms that managed to adhere to a brush were relatively easy to remove by 
passing a liquid-air interface. This highly reversible adhesion was also previously observed 
before for microorganisms [21] and proteins [22,23]. In addition, the force required to prevent 
microbial adhesion to the PEO brush was generally more than 5 times lower than on glass.  
Gravity has a strong influence on microbial adhesion on both glass and the PEO brush 
as deposition to the bottom plate was always higher than to the top plate. The deposition of P. 
aeruginosa to the top plate measured is probably due to its intrinsic mobility overcoming 
gravitational forces. Also others found that motile P. fluorescens and Vibrio 
parahaemolyticus are known to more readily adhere against operating mass transport 
conditions as compared to their non-motile mutants [5]. These observations confirm that 
bacterial motility is an extra factor that increases the adhesion of bacteria [24], and explains 
the deposition efficiency of P. aeruginosa in excess of unity at the lowest shear rate in our 
study. The theoretical contribution from gravity to sedimentational mass transport as 
calculated here is probably an overestimation, as electrostatic and acid-base forces usually 
stabilizing a colloidal suspension are not accounted for [25]. The overestimation may explain 
the difference in deposition efficiencies for P. aeruginosa when using top/bottom plate 
compensation of sedimentational mass transport versus theoretical calculations.  
In conclusion, we have shown that sedimentation contributes to mass transport in a 
parallel plate flow chamber and should be accounted for in the calculation of experimental 
deposition efficiencies. Analysis of microbial deposition efficiencies to glass and PEO brush 
coated glass demonstrate that the adhesion forces to a brush are generally weak and often 
inadequate to stimulate adhesion under flow.  
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